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INTRODUCTION
During the process of phagocvtosis of immune complexes by neutrophils, fusion of cytoplasmic granule membranes with the resultant phagocytic vacuole allows liberation of granule constituents into the vacuole. This process has been referred to as degranulation. Recent evidence (1) (2) (3) (4) has clearly shown that degranulation of human neutrophils results in a portion of the granule enzymes gaining access to the extracellular medium by processes which do not involve lysis of the cell. Various mechanisms whereby the vacuoles open to the outside have been demonstrated (1, 2, 5) . A more direct way of examining degranulation, however, comes from studies with immunologic reactants bound to surfaces which cannot be phagocytosed (6, 7) . The neutrophils adhere to the stimulus (e.g. antibody or complement) and have been shown to release granule constituents by direct exocvtosis of the granules along that portion of the cell membrane which contacts the immune reactants ( 1, 8, 9) . This process stimulates in vivo situations where neutrophils adhere to immune complexes on surfaces such as the glomerular basement membrane and release their granule enzymes, which then produce injury to the tissues (9) . Attempts to determine the physiologic requirements for degranulation in phagocytosing neutrophils have been difficult since inhibitors of degranulation may also affect stages in the phagocytic process, e.g., the adherence or engulfment steps (10) . Accordingly, the model employing exocytosis of granules along nonphagocytosable surfaces was adapted
The Journal of Clinical Investigation Volume 56 October 1975 [1053] [1054] [1055] [1056] [1057] [1058] [1059] [1060] [1061] to examine, in the absence of phagocvtosis, the metabolic re(quiremlents and more specifically the role of the hexose monophosphate shunt in degranulation and release of potentially injurious constituents from neutrophils in inflammatory reactions. The experiments have also allowed a comparison to le madle between the characteristics of two neutrophil activities, degranulation and stimulation of the hexose monophosplate shunt. METHODS Ncutrophils. Venous blood was taken from normal human volunteers into 1/7 vol of acid citrate dextrose (11) . Neutrophils were prepared by methods previously described (4, 6) . The blood was centrifuged at 300 g for 20 min at room temperature. The platelet-rich plasma and buffy coat were removed and the remaining cells were resuspended in 2 vol of 2% gelatin in saline. The erythrocytes were sedimented at 1 g for 30 min at 370C, the supernate removed, and the cells in it sedimented at 350 9 for 10 min at room temperature. The remaining erythrocytes in this pellet were lysed by resuspending in 0.83%o NH. Approxinmately 30-50 ug of aggregates remained firmly bouiind to the surface, and by using radiolabeled aggregates it was shown that more than 95% of these remained bound during the reaction with neutrophils. Control petri dishes were prepared with BSA. Neutrophils (4 X 106) were allowed to settle on the petri dishes in 1.5 ml medium and were incubated at 37'C for 30 min. At the end of the incul)ation period supernates were removed, centrifuged to sediment the few cells which do not adhere to the surface, and assayed for released enzymes. Total enzyme content was obtained by lysis of 4 X 106 cells or the cells remaining on the dish and in the pellet with 1 mg/ml Triton X-100. All reactions were performed in duplicate and the results expressed as a percentage of the total available enzyme. Alternatively, some experiments were performed with micropore filters (Millipore Corp., Bedford, Mass.) as the surface by techniques previously described (6) .
For the adherence assays, neutrophils were labeled by incubation with 50 ACi 6"Cr (Na chromate) per 107 cells for 60 min at 37'C. They were washed and shown to behave normally in the functional assays. Incubation of the treated or control "Cr-labeled neutrophils on the petri dishes was followed by washing in warm buffer and finally elution of the bound cells with 1.0 M NaOH. Samples of the washes and eluates were counted. AssaYs. The enzymes 8-glucuronidase (E.C. 3.2.1.31), lysozyme (E.C.3.2.1.17), and lactic dehydrogenase (E.C. 1.1.1.27) were assayed as previously described (6) . Lactate was measured according to the method described by Wieland (14) after extraction of the neutrophils with HCl04. Glucose oxidation by the hexose monophosphate pathway (HMP) was assessed by the generation of "CO2 from [1-"C]glucose (2, 15 (Fig. 4) , 50% inhibition being achieved with 10-' mol/liter, i.e., plo = 5.0. By contrast, KCN(1 X 10' mol/liter), antimycin A (10 Ag/ml), and azide (1 X 10' mol/liter) did not inhibit this release.
The stimulation of glucose oxidation by the HAIP was also inhibited by iodoacetate (pIo = 6.0) at 1/10 the amount that was required for inhibition of enzyme secretion.
Inhibition of the HMP without prevention of enzyme release. A requirement for glycolysis. Stimulation of glucose oxidation by the HMP has in the past been linked to degranulation. Accordingly, experiments were performed to determine if release of 9-glucuronidase from neutrophils on surfaces could be prevented by inhibition of either the HMP or glycolysis. Glycolytic activity was assessed by the production of lactate since generation of '4CO2 from [6- Time-course of release of P-glucuronidase and LDH from neutrophils reacting with aggregated y-globulin on petri dishes in the presence or absence of enhancing or inhibiting agents. Colchicine and 2-deoxyglucose were preincubated with the neutrophils for 1 h before the reaction. The HMP activity was assayed after 60 min and is expressed as a percent inhibition of the control level.
Each point represents the mean of duplicate determinations, and the experiment was repeated three times with similar results.
with that on rabbit neutrophils, release from which is more readily inhibited by EGTA (9). (2, 3, 9, (21) (22) (23) (24) (25) . The effect of one of these, the inhibitor of phosphodiesterase, theophylline, on release of enzymes and stimulation of HMP in human neutrophils adherent to aggregated immunoglobulin on surfaces was therefore investigated. Theophylline, in high concentrations, inhibited release of fi-glucuronidase (Fig. 8) . It also, with similar effectiveness (pI = 3.3) but different dose response, prevented stimulation of the HMP.
DISCUSSION
Release of granule enzymes from human neutrophils adherent to aggregated immunoglobulin (or C3) bound to nonphagocytosable surfaces has previously been demonstrated to result from exocytosis of granules along the stimulated membrane of the cell (1, 8, 9 ). This exocytosis of granules is similar to degranulation into a phagocytic vacuole, except that because of the size of the surface, the vacuole has not closed off. The system therefore serves as a model in which to examine the process of degranulation. We have now shown that glucose oxidation by the HMP was also stimulated by the reaction of neutrophils with aggregated immunoglobulins on surfaces. This stimulation does not, therefore, require the engulfment process since phagocytosis is prevented (6) (7) (8) . Although both processes were initiated by the same stimulus (the y-globulin) and were inhibited and controlled under similar conditions, they were nevertheless clearly dissociable by several criteria described below.
Dissociation of release of granule enzymes from stimulation of the HMP. Selective inhibition of the increased HMP activity was achieved with 2-deoxyglucose in the presence of competing glucose or with dehydroepiandrosterone, an inhibitor of glucose-6-phosphate dehydrogenase (17) . Secretion of granule enzymes, however, was unaffected or enhanced. From the data presented, in the presence of glucose, 2-deoxyglucose apparently was a more effective inhibitor of glucose-6-phosphate dehydrogenase than of hexose phosphate isomerase (16), the first enzyme of the glycolytic pathway. This may reflect the much larger amount of glucose which is metabolized by glycolysis even during stimulation of the HMP (26) . While the steroid may not only have been acting on glucose-6-phosphate dehydrogenase, its effect, nevertheless, was to prevent the HMP stimulation without appreciably inhibiting exocytosis of granules or glycolysis. In addition, stimulation of the HMP was inhibited by cytochalasin B, while granule exocytosis was enhanced by more than 200% (18, 23 (27) (28) (29) .
In the reverse situation, HM\IP activity was stimlu- (23, 37, 36) . In our hands, however colchicine was only slightly inhibitory even though the samne material, in concurrent experiments, comipletely prevented secretion from platelets and in the neutrophils did inhibit HAIP stimulation, as previously described by others for HTMP stimulation during phagocvtosis (36) . This discrepancy is at present unexplained but a similarly poor inhibitory effect was observed by Hawkins (38) . It may relate to differences between neutrophils in suspension and neutrophils spread out on flat surfaces (See also reference 39). In this latter circumstance, reduced requirement for spatial organization within the cytoplasm may allow more ready movement of those granules which will be discharged, to the cell membrane, even in the absence of microtubules.
The modulating effects of cy)clic nucleotides on cell functions, including those of neutrop)hils, are now well demonstrated (25) . Theophylline was here shown to inhibit both secretion and HMIP stimulation, but interestingly, with different dose response characteristics. In other experiments not rel)orte(l, PGE1 and dibutyryl cAMP were also shown to inhibit both responses. The (lata again suggest that different pathways are stimulated within the neutrophil but that each is nevertheless under cyclic nucleotide control.
Stimulation of neutrophils by aggregated y-globulit.
The experiments reported here demonstrate that human neutrophils were stimulated by imnmunoglobulin to pha-gocytose particulate aggregates and release granule enzymes to the external medium. Soluble aggregated Yglobulin, on the other hand, stimulated increased glucose oxidation (HMP), but did not induce release of enzymes and only minor uptake of aggregates occurred. The same soluble aggregates, in much lower quantity, (less than 1/300) when bound to a surface actively induced both exocytosis of granules and HMP-stimulations. This figure is calculated from the data in Fig. 3. 28 tig soluble aggregates were bound to the filter. However, the neutrophils could only have been in contact with at the maximum 2.8 Ag of bound immunoglobulin since the cells occupy only the center portion of the filter and penetrate less than one-fourth of the way into the filter, while the immunoglobulin is bound throughout. The observations suggest that particulate material is needed for active phagocytosis and degranulation (see also reference 26). They also suggest either that some configurational change in the cell membrane induced by a surface or particle is needed for uptake and degranulation as well as the reaction of y-globulin with the cell membrane receptors, or that a high binding affinity is required, which in this case is supplied by the cooperative binding effects of many immunoglobulin molecules on the particle or surface.
Stimulation of two separable activities in neutrophils by one stimulus is not unique to immunoglobulin. We have recently shown that chemotactic factors induce degranulation (exocytosis) (40) , and they also stimulate the HMP (40, 41) as well as promote chemotaxis. Recent evidence (Henson, unpublished work) also suggests that these factors are capable of stimulating phagocytosis (engulfment) if presented to the neutrophil on a suitable particle. It is therefore suggested that stimulation of neutrophil receptors may initiate one or more of a number of pathways in the cell which have common and unique steps and which result in different cell activities.
